Abstract A key component of a sediment yield prediction is an estimate of the sediment deposition between erosion sources and a drainage basin outlet. This technical note presents methods requiring a minimum of data which can be used to assess the importance of sediment deposition within the river system of a basin. The methods were applied to a 4123 km 2 basin in the Philippines. Results indicated that sediment deposition within this river system had no significant effects on the overall sediment yield.
INTRODUCTION
Predictions of total soil loss in a drainage basin (E r ) are usually significantly greater than measured sediment yield (Y). A sediment delivery ratio, DR = YIE r , is used to represent the difference (Vanoni, 1975) .
A reliable prediction method for delivery ratio could be used to estimate sediment yield, and hence reservoir sedimentation rates, directly from soil loss predictions. Conversely, measurements of yield could be used to assess soil loss.
While regional formulae for delivery ratio have been developed, (Williams, 1977; Mou & Meng, 1980) , no published formulae have been produced solely from analytical considerations. Walling (1983) gave an overview of the sediment delivery problem.
Sediment transport before entry to a river system is, as a physical process, distinct from transport within a river system. Therefore, these processes should be considered separately; this technical note is concerned with the latter process. A definition of the point where overland flow within a sub-basin becomes transport within a river system is difficult. Here, it is arbitrarily taken as the outlet from sub-basins of a given size.
Often, sediment eroded by a storm is deposited in the river system and is subsequently reworked (McGuirmess et al., 1971; Otterby & Onstad, 1981) giving a rapidly varying delivery ratio. However, the timescale for delivery ratio is defined here as years, in keeping with the timescale of reservoir sedimentation.
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The purpose of this note is to derive simple methods, requiring a minimum of data, which assess whether deposition within a river system has a negligible effect on the overall delivery ratio. The methods do not make precise predictions of the ratio, but show whether deposition can be ignored without significantly increasing the (already large) errors in yield prediction. In the case cited below deposition could be ignored, while Meade (1982) gave a converse case.
BASIN USED FOR TESTING AND DEMONSTRATING THE METHODS
The methods are presented together with their application on the 4123 km 2 Magat basin, Central Luzon, The Philippines, which drains into the Magat reservoir. Sediment yield at Magat has been estimated at 38 t ha" 1 year 1 from reservoir surveys (15.7 Mt year 1 ) (Wooldridge, 1986) . Field work was undertaken jointly by HR Wallingford and The Philippine National Irrigation Administration (Dickinson et al., 1990; Dickinson & Bolton, 1992) . The work included daily sediment flux monitoring at three sites on the major river to determine sediment yield for three nested sub-basins. Results indicated no consistent drop in yield per hectare as basin area increased. The basin is not sufficiently homogeneous to permit a firm conclusion, but this result does indicate that delivery ratio for the river system was near unity. Meanwhile, overall delivery ratio was estimated from soil loss predictions and reservoir surveys to be about 0.5.
The rivers of the basin are steep (typically 0.002 to 0.02), with boulder, gravel and sand beds. A large proportion of the annual sediment load is transported by relatively few flood events, especially at the downstream sites. Numerical simulations (Baldwin & White, 1991) indicated that temporary channel storage is important, as has been found elsewhere (Verhoff et al., 1979) .
The large earthquake which affected northern Luzon in 1990 has subsequently increased erosion and has prompted significant deposition within the river system. However, it is not yet known what the longer term effect will be and so only observations before 1990 are reported here.
The points where overland flow became flow in the river system were taken as the outlets from 20 km 2 sub-basins.
METHODS FOR ASSESSING IMPORTANCE OF RIVER BED ACCRETION
A "river bed delivery ratio", DR rb , is defined as:
" D _ 1 sediment quantity settling on river bed
sediment quantity entering river system
Assessing sediment delivery in river systems

2~5
The ratio is defined for a long time period, such as a decade. A lower bound on DR rh will often be sufficient to assess the importance of sediment delivery, since an upper bound is 1.0 (the denominator includes bank erosion).
Sediment routing models
An estimate for DR rh could be made using a sediment routing prediction model, for example that of Leytham & Johanson (1979) or of Baldwin & White (1991) . However, such a model is not appropriate for merely assessing the importance of river sediment delivery processes, due to: (a) the comprehensive data collection required for model input; and (b) inaccuracies in the prediction of sediment transport (even for uniform flow) which necessitates further data for calibration.
Volume estimates
A simpler method is to obtain an estimated volume accreting on the river bed to be derived from the total river bed area and an estimate of the maximum possible rate of accretion. For the Magat basin, NIA (1983) gave the area of river bed and river terrace as 7395 ha; this must be an upper bound for the total river bed area.
A maximum possible accretion rate can be estimated from changes to discharge rating curves at gauging sites. An example from Magat is shown in Fig. 1 , at a gauging station immediately upstream from the reservoir. The figure shows scatter but no rising trend in stage (a falling trend is seen), indicating DR rh = 1. It is possible that the observation applied only locally.
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• If major changes in a river course are rare, then a maximum possible accretion rate can also be estimated from the bankfull depth and a minimum possible timescale for channel change. At Magat, these have been reported as around 2 m and about 50 years respectively, so the maximum possible accretion rate might be about 1 m in 50 years (0.02 m year 4 ). Using the river bed area quoted above and a density of deposited material of 1.4 t iff 3 gives a lower bound on DR rb of: 1 -(1.4 t iff 3 * 0.02 m year 1 * 7395 ha * 10 4 m 2 ha-V(15.7 10 6 t year 1 ) = 0.87.
Estimates using grain size measurements
The underlying assumption for this approach is that the material being deposited on the river bed has the same grading as the observed bed material. Often the deposited material is considerably coarser than that being eroded because fine sediment passes through the river system and only the coarsest sediment deposits. If wash load is defined as the material in transport which is independent of the bed material, then a lower bound on delivery ratio is simply the ratio of wash load to the total. The method is difficult to apply, however, due to the uncertain prediction of the grain size which distinguishes between wash load and bed material load (De Vries, 1981) . The method presented here allows for bed material load in the sediment yield, and so gives a higher value for the lower bound on delivery ratio. The new approach is illustrated in Fig. 2 . It gives a simplified example with five size fractions, the coarsest of which is labelled "cobbles". DR rb must be at its lower bound if all material being eroded enters the river system and if all the cobbles entering the river system deposit. A quantitative calcu'ation is as follows: (a) When 11 of material is eroded, 5% (0.05 t) is cobbles. They deposit on the bed of the river system. (b) The river bed is 40% cobbles, so 0.05/0.4 = 0.125 t of material is deposited. Hence, 0.875 t passes through the river system. (c) A lower bound for the delivery ratio is therefore 87.5%.
Cobbles were considered as the "limiting size fraction" because they set a limit to the proportion depositing for each other size fraction. The cobbles were identified as the limiting size fraction because they had the smallest value of the ratio PJP b , where P e is a proportion in the eroding material, and P b is a proportion in the bed material.
The proportion of the eroded material settling on the river bed is thus limited by PJP b (as in step (b) above). Hence the lower bound on DR rb is 1 -PJP b , where P e and P b refer to the limiting size fraction.
The river bed material size grading used for the calculation should ideally represent all the material depositing on the river bed. However, because a lower bound on delivery ratio is required, the finest bed material size grading can be taken. Under normal circumstances this will be for the river reach immediately upstream of the basin outlet. At Magat, the grading curve for the reach upstream from the reservoir, as obtained from 78 gradings given by NIA and Engineering Consultants Inc. (1978) , is shown in Fig. 3 .
When an eroding material size grading is derived from soil samples, it is likely to give a coarser grading than that of the material entering the river system, due to the sediment sorting. This would cause a lower estimate for DR rh , and so is acceptable.
Representative size grading curves should be obtained for the principal sediment sources (for example, topsoil or gullies). If more than one type of erosion is significant then the values oîDR rb for each type can be combined in proportion to the relative erosion rates. At Magat, erosion of top soil is dominant, NIA (1983) . Figure 3 includes a size grading curve, derived from the soil data in NIA (1983), for the eroding material.
When the river bed material is split into 10 equal fractions (P b = 0.1), the coarsest (42-100 mm) is found to be the limiting fraction, with P e = 0.0005. The lower bound on DR rb is then 0.995.
The size grading of the eroding material may not always be obtained accurately, especially for the coarsest sizes from which P e is taken. A prediction of the sediment sizes entering the river system could then be made using river bed material samples collected at the points of entry. The sizes of the bed material load at these points may be predicted using a method derived from Engelund & Hansen (1967) . The method, presented by Atkinson (1991) , in outline is:
The bed material is split into equal fractions, of size D ( . (b) A relative transport rate for each fraction is calculated as Df l , and the values are summed to obtain Tr = ED,"
l ITr are the proportions of the transported material in each fraction, which yield a size grading curve for that material.
Comparison of estimates
When there are two independent and reliable values for a lower bound, by logic, the larger value should be taken. Thus the lower bound for DR rb at Magat was 0.995.
FLOOD PLAIN ACCRETION Observed accretion rates
The rate of accretion on flood plains can be measured by comparing surveys taken over a long time period and if a consistent pattern is revealed. Also, if flood plain accretion has recently accelerated due to increased erosion, then the new deposits may be differentiated from older ones using soil properties such as colour, texture or compaction. Alternatively, accretion rates have been estimated from buried or partially buried items of known age (Vanoni, 1975) . Dating techniques can also be used such as carbon dating or the analysis of Caesium-137 profiles on the flood plain (Walling & Bradley, 1987) . Finally sedimentation traps have been used (Walling et al., 1986) .
These techniques may require resources that are not available, or may necessitate monitoring over a longer time period than can be accommodated. This was the case at Magat.
Predicting flood plain accretion
Accretion during floods can be predicted from the difference between the sediment concentration in the river passing onto a flood plain and a predicted sediment transporting capacity of the flow over the plain. Atkinson (1991) presents the procedure. It includes estimation of the deposition from stagnant water left on a flood plain. When these methods were applied to the Magat basin, they indicated that flood plain accretion had no significant effect on sediment delivery. Qualitative observations also indicated the same result.
CONCLUSIONS (a)
Estimates of sediment delivery ratio for a river system can be made by extensive measurements or complex modelling. However, if the delivery ratio for a river system is near unity, ignoring sediment delivery is justified when other errors inherent in sediment yield predictions are considered. Hence methods to assess the importance of deposition have been presented. (b) The methods have been applied to a basin in The Philippines. Results indicated that neither river bed accretion nor flood plain accretion had a significant effect in this basin. (c)
Measurements of sediment loads in the river system of the basin supported conclusion (b), giving some confidence in the methods. (d) The river system within the basin could be considered typical for many reservoir locations: river bed slopes were high, and the bed material contained a high proportion of gravels. So the same result is likely for many reservoir projects of this scale.
